Pseudomonas corrugata is a phytopathogenic bacterium, causal agent of tomato pith necrosis, yet it is an ubiquitous bacterium that is part of the microbial community in the soil and in the rhizosphere of different plant species. Although it is a very heterogeneous species, all the strains tested were able to produce short chain acyl homoserine lactone (AHL) quorum sensing signal molecules. The main AHL produced was N-hexanoyl-L-homoserine lactone (C 6 -AHL). An AHL quorum sensing system, designated PcoI/PcoR, was identified and characterized. The role of the quorum sensing system in the expression of a variety of traits was evaluated. Inactivation of pcoI abolished the production of AHLs. The pcoR mutant, but not the pcoI mutant, was impaired in swarming, unable to cause a hypersensitivity response on tobacco and resulted in a reduced tomato pith necrosis phenotype. The pcoI mutant showed a reduced antimicrobial activity against various fungi and bacteria when assayed on King's B medium. These results demonstrate that the AHL quorum sensing in Ps. corrugata regulates traits that contribute to virulence, antimicrobial activity and fitness. This is the first report of genes of Ps. corrugata involved in the disease development and biological control activity.
Introduction
Pseudomonas corrugata is the causal agent of tomato pith necrosis and it is spread throughout all tomato-growing areas (Scarlett et al., 1978; Sutra et al., 1997) . It has also been identified as the causal agent of pith necrosis on pepper (Lopez et al., 1988) , chrysanthemum (Fiori, 1992) , and geranium (Magyarosy & Buchanan, 1995) . The characteristic symptom of the disease is stem pith necrosis associated with a progressive hollowing of the internal tissues that may extend along the entire stem. When the xylem is also affected the plant may lose turgidity and collapse.
Pseudomonas corrugata is rather ubiquitous and has been isolated from a wide range of asymptomatic plant species, mainly from roots or rhizosphere (Lukezic, 1979; Ryder & Borrett, 1991; Paulitz et al., 1992; Picard & Bosco, 2003) and also from soil (Scortichini, 1989; Kovacevich & Ryder, 1991; Ryder & Rovira, 1993; Achouak et al., 2000) . Strains within this species have been shown to possess in vitro antagonistic activity against plant pathogenic fungi and bacteria and some strains have been successfully tested as biological control agents (Zhou & Paulitz, 1993; Choi et al., 2003; Schmidt et al., 2004) .
No relevant genetic or molecular studies have been undertaken in order to clarify the molecular aspects of host-pathogen interaction and/or the antimicrobial activity of this bacterial species. The main role of a toxin in the development of the pith necrosis has been demonstrated (Chun & Leary, 1989) . This has been associated with phytotoxic and antimicrobial cationic lipodepsipeptides (LPDs), namely corpetin A and corpeptin B, two isoforms of LPDs, and the lipodepsinonapeptides cormycin A (Emanuele et al., 1998; Scaloni et al., 2004) . Pseudomonas corrugata produces elicitors of plant defence responses in nonhost plants; in particular it elicits the production of medicarpin in alfa-alfa and tobacco hypersensitivity response (HR) (Gustine et al., 1990 (Gustine et al., , 1994 (Gustine et al., , 1995 . It has also been reported to produce alginate (Fett et al., 1996) and a siderophore called corrugatin (Risse et al., 1998) that could be involved in pathogenicity and colonization. Pseudomonas corrugata has been reported as potentially being able to produce N-acyl homoserine lactones (AHLs) as inter-cellular signal molecules (Dumenyo et al., 1998; Elasri et al., 2001) .
AHLs are diffusible signal molecules produced by many different gram-negative bacteria, and they are used as a celldensity dependent regulatory system that is generally referred to as quorum sensing (QS) (Fuqua et al., 1996) . They are usually synthesised by a LuxI-protein family synthase and as the density of the population increases so does the concentration of AHLs. When a critical concentration is reached (hence the definition of 'quorum'), they bind to their cognate receptors, which are transcriptional regulators belonging to the LuxR family, thus activating target gene expression (Fuqua & Greenberg, 2002) . In plant pathogenic bacteria, QS mediated by AHLs has been observed intimately linked to the control of almost the entire range of virulence factors such as exoenzyme production in Erwinia carotovora subspecies (reviewed in Barnard & Salmond, 2007) , exopolysaccharides in Pantoea stewartii ssp. stewartii (Beck von Bodman & Farrand, 1995) , toxin production in Burkolderia glumae (Kim et al., 2004) and Ti plasmid conjugal transfer system in Agrobacterium tumefaciens (Zhang et al., 1993) . AHL QS has also been shown to regulate in Pseudomonas traits involved in biological control activity against plant pathogens by the synthesis of secondary metabolites such as antibiotic and antifungal compounds or by competing for nutrients such as iron (Venturi, 2006; Wei & Zhang, 2006) . Furthermore, survival as well as the plant colonization ability both of plant pathogenic bacteria and of biocontrol agents often depends on genes that are regulated by QS, such as, for example, genes that influence motility, exopolysaccharide production, rhizosphere competence and biofilm development (Miller & Bassler, 2001; von Bodman et al., 2003; Quinones et al., 2004 Quinones et al., , 2005 .
The majority of plant-associated gram-negative bacteria produce AHL signal molecules, although it has been shown that not all the species and not all the strains of the same species produce AHLs (Cha et al., 1998) . This is particularly true also in the genus Pseudomonas, where furthermore the ability to produce AHLs seems to be more widespread in the plant-associated species than in the soil-borne strains (Elasri et al., 2001) .
In this study AHL QS in the very heterogenous species Ps. corrugata (Siverio et al., 1993 (Siverio et al., , 1996 Catara et al., 1997 Catara et al., , 2002 Sutra et al., 1997) is investigated. In fact, the production of indolacetic acid, lipase, lecitinase, protease and cormycin A, as well as the ability to form biofilm, has been reported to be strain-dependent (Siverio et al., 1993 (Siverio et al., , 1996 Catara et al., 1997; Scaloni et al., 2004; Ude et al., 2006) . AHL QS in Ps. corrugata is reported here, for the first time; it is demonstrated that AHL QS is very well conserved within the species and its role in microbiological and phytopathogenic traits of this bacterium is investigated.
Materials and methods
Bacterial strains, plasmid, and media Pseudomonas corrugata strains and plasmids used in this study are listed in Tables 1 and 2 . Pseudomonas corrugata strains were routinely grown at 28 1C in either nutritive dextrose agar (NDA) (Oxoid), in Luria-Bertani (LB) agar or M9 minimal medium (Sambrook et al., 1989) . Five AHL bacterial biosensors were used: Chromobacterium violaceum strain CV026, A. tumefaciens NTL4 (pZLR4), Escherichia coli JM109 (pSB401), Es. coli MT102 (pJBA132) and Ps. putida F117 (pKRC12). DH5a (Hanahan, 1983) , Es. coli DH5a (pRK2013) (Figursky and Helinski, 1979) and HB101::Tn5 (Magazin et al., 1986) were also used. Ps. putida WCS358 was used for the recovery of cosmids containing Tn5 by triparental mating. Es. coli, C. violaceum and Ps. putida, and A. tumefaciens were grown in LB broth at 37, 30 and 28 1C, respectively. Antibiotics were added as required at the following final concentrations: ampicillin, 100 mg mL À1 ; streptomycin, 100 mg mL
À1
; tetracycline, 15 mg mL À1 (Es. coli), or 40 mg mL À1 (Pseudomonas); gentamicin, 10 mg mL À1 (Es.
coli) or 30 mg mL À1 (Pseudomonas and Agrobacterium); kanamycin, 50 mg mL À1 (Es. coli and C. violaceum) or 100 mg mL À1 (Pseudomonas).
Recombinant DNA techniques
DNA manipulations, including digestion with restriction enzymes, agarose gel electrophoresis, purification of DNA fragments, ligation with T4 ligase, DNA hybridization, radioactive labelling by random priming, and transformation of Es. coli, were performed as described previously (Sambrook et al., 1989) . Southern hybridizations were performed using N1Hybond membranes (Amersham Biosciences); plasmids were purified using Jet star columns (Genomed GmbH, Löhne, Germany) or by the alkaline lysis method (Birnboim, 1983) ; total DNA from Pseudomonas was isolated by Sarkosyl-pronase lysis as described previously (Better et al., 1983) . Triparental matings from Es. coli to Ps. corrugata were carried out with the helper strain Es. coli (pRK2013) (Figurski & Helinski, 1979) . The DNA sequences flanking the transposon insertions were determined using arbitrary PCR as previously described (O'Toole & Kolter, 1998) .
Cloning of quorum-sensing genes of Ps. corrugata A cosmid library of Ps. corrugata strain CFBP 5454 harboured in Es. coli (Catara et al., 2005) was transferred by triparental conjugation to C. violaceum CV026 (Swift et al., 1993) . After overnight incubation at 30 1C, the conjugations were plated on LB containing tetracycline for a selection of transconjugants and ampicillin, kanamycin and streptomycin for counter-selection of Es. coli. These plates were incubated for 24 h at 30 1C, and any transconjugants that turned purple were further assayed. Two cosmids, pLC3.34 and pLC4.47, from the cosmid library could restore purple pigmentation in C. violaceum CV026. Transposon Tn5 insertions within the recombinant cosmids pLC3.34 and pLC4.47 were obtained as previously described (Magazin et al., 1986) with Es. coli HB101::Tn5 as source of the transposon. These were then conjugated in strain Ps. putida WCS358 and the colonies that did not produce AHLs as tested by a plate T-streak with C. violaceum CV026 were selected. Three tranconjugants of Ps. putida WCS358, containing pLC3.34::Tn5-2, pLC3.34::Tn5-3 and pLC3.34::Tn5-4, respectively, were identified and DNA purified and used to transform Es. coli DH5a. The positions of Tn5 were mapped through arbitrary PCR. The clones pLC3.34::Tn5-2 and pLC3.34::Tn5-4 presented Tn5 in the pcoR gene (position 361 and 76, respectively) and pLC3.34::Tn5-3 presented Tn5 in the pcoI gene (position The cosmids pLC3.34::Tn5-2, pLC3.34::Tn5-4 and pLC3.34::Tn5-3 were homogenized with the corresponding target regions of the genome of Ps. corrugata CFBP 5454 by a marker exchange procedure (Corbin et al., 1982) . Plasmid pPH1JI was used as the incoming IncP1-incompatible plasmid, as previously described (Beringer et al., 1978) . The selection was performed on LB medium containing ampicillin, kanamycin and gentamicin. Putative markerexchanged mutants were streaked on to LB medium containing tetracycline to confirm the loss of the IncP1 recombinant plasmid. The fidelity of the marker exchange event was confirmed by restriction and Southern hybridization of the chromosomal DNA (data not shown). This resulted in the construction of three Ps. corrugata AHL QS knock-out mutants which were designated Ps. corrugata GL1 (pcoI::Tn5), Ps. corrugata GL2 (pcoR::Tn5) and Ps. corrugata GL3 (pcoR::Tn5).
Purification, detection and characterization of AHLs
The purification, detection and characterization of AHL inducer molecules from culture supernatants were performed essentially as described previously (McClean et al., 1997; Shaw et al., 1997) . Individual strains were screened for the production of AHLs on solid medium in a T-streak plate assay as described by Piper et al. (1993) using the AHLs biosensors CV026, MT102 (pJBA132) and F117 (pKRC12) on LB agar plates. This assay was used to survey AHL production by growing bacteria. AHLs produced by strains for which positive results were obtained were further characterized by TLC after AHL-extraction from spent supernatants. Pseudomonas corrugata strains were grown overnight in M9 minimal medium supplemented with glucose and casaminoacids, and the OD at 600 nm was measured. The supernatants of the cultures were extracted with the same culture volume of ethyl acetate-0.1% acetic acid. The extracts were then dried and resuspended in ethyl acetate; for the TLC analysis a volume of this extract was used which corresponded to 1.4 Â 10 9 cells of the original culture. Synthetic AHLs (including C 6 -3-oxo-AHL, C 8 -3-oxo-AHL, C 10 -3-oxo-AHL, C 4 -AHL, C 6 -AHL, C 7 -AHL and C 8 -AHL) were used as standard molecules in this TLC analysis, performed with C 18 reverse-phase chromatography plates using 60% (v/v) methanol in water as the mobile phase. The plate was developed with a thin layer of LB top agar seeded with C. violaceum CV026, Es. coli JM109 (pSB401) or A. tumefaciens NTL4 (pZLR4).
Biochemical and physiological characterization of mutants
Pseudomonas corrugata and AHL mutant derivatives were phenotypically characterized using the Microlog station (Biolog Inc., Hayward, CA, USA). BIOLOG-GN microtiter plates (Biolog) containing 95 different carbon sources were incubated with suspensions (in phosphate buffer) of isolates prepared as instructed by the manufacturer and incubated 24 h at 28 1C. To determine the production of protease, lipase, gelatinase and lecithinase, strains were plated on agar plates containing the appropriate substrates as previously described (Lelliot & Stead, 1987; Schaad et al., 2001) . A potato slices rot test was used to assess pectolytic activity (Schaad et al., 2001) .
Motility assays
Bacteria were assayed in plates for swimming and swarming motility as previously described (Atkinson et al., 2006) . Minimal swarm motility plates contained 10 g L À1 tryptone, 5 g L À1 NaCl, either 0.5% (w/v) or 0.7% (w/v) Bacto agar (Difco Laboratories) and 10 mM glucose which was filtersterilized into the medium immediately before pouring once the swarm agar had been sterilized by autoclaving and cooled to 50 1C. Minimal swim motility agar plates contained 10 g L À1 tryptone, 5 g L À1 NaCl and 0.3% (w/v) Bacto agar. Plates were inoculated with bacteria from an overnight culture in LB agar 1.5% (w/v) plates at 28 1C using a sterile toothpick and incubated at 28 1C for 16-24 h.
Plant inoculations
Strains were tested for pathogenicity on tomato and for HR on tobacco. Two different methods of inoculation were used to assess the virulence of the strains in tomato and to determine the population size within inoculated tissues, respectively. In both trials, tomato plants cv. Marmande 1 month after germination, grown in nursery flats, were used. During the trials, plants were maintained in a growth chamber with 16/8 h photoperiod and 28 1C temperature. After inoculation, plants were enclosed in polyethylene bags to maintain 100% relative humidity for 3 days. The bags were then removed until the end of the experiment. To determine the virulence of the strains, tomato plants were stab-inoculated on the stem at the axil of the first true leaf (20 plants per strain) with a sterile entomological mounting pin coated in bacterial cells taken from a 48-hr culture on NDA. Plants were rated for symptoms 7 days after inoculation: the stem of each plant was cut longitudinally and the length of pith necrosis measured. To determine the population size of the strains within host tissues, tomato plants were stabbed with a sterile entomological pin and inoculated by placing 10 5 CFU mL À1 of the strain in 2 mL of sterile distilled water. Immediately after inoculation and daily from day 1 through to day 5 (and day 14) postinoculation, portions of tomato stems were excised from 0.5 cm above to 0.5 cm below the inoculation site and ground with a pestle in a 1.5-mL eppendorf tube in 1 mL of an antioxidant buffer (Gorris et al., 1996) . Serial dilutions were plated on NDA with appropriate antibiotics for the selection of the strains using a spiral plater (Eddy Jet, IUL Instrument, Germany). At each sampling time, four plants per strain were analysed. At day 14, the length of the stem discoloration in ten plants was measured. HR was performed by infiltration of tobacco cv Burley leaf mesophyll with a bacterial suspension 10 8 CFU mL À1 using a blunt syringe. Twenty leaf panels were inoculated per strain. After inoculation plant were placed at 25 1C in a growth chamber and the collapse/necrosis of the mesophyll was recorded daily. Bacterial populations were estimated in singleleaf disks cut with a boring tool (inner diameter 0.7 cm) from three individual lesions from three different plants. Single disks were ground down in 100 mM phosphate buffer (pH 7.2). Serial dilutions were plated out on to NDA supplemented with 100 mg mL À1 kanamycin for AHL-mutants and with 100 mg mL À1 ampicillin for the Ps. corrugata Wt strain.
Antimicrobial activity
Antimicrobial activity was assessed on potato dextrose agar (PDA) and peptone-glucose-NaCl agar (PGNaClA) media used for detecting antimicrobial lipodepsipeptide production (Bultreys & Gheysen, 1999) , and King's B medium for siderophore-mediated competition for iron (King et al., 1954) . Strains were grown on M2 agar for 48 h at 28 1C before they were used (Bultreys & Gheysen, 1999 
Statistical analysis
Statistical analysis was performed with one-way ANOVA followed by a post hoc Student-Newman-Keul's test. Summary data are reported as mean AE SD.
Results and discussion
AHL QS is very well conserved in Ps. corrugata
To investigate the production of AHLs in the Ps. corrugata species a representative collection of strains (including the type strain NCPPB 2445) was analysed (Table 1 ). These strains were tested for their ability to produce AHLs, using four different biosensors as described in 'Material and methods' . The ability to produce AHLs was analysed by screening the strains for the induction of violacein production in the C. violaceum CV026 sensor, of GFP fluorescence in Es. coli JM109 (pJBA132) and Ps. putida F117 (pKRC12) and of b-galactosidase activity in A. tumefaciens NTL4 reporter strains. Thirty different strains of Ps. corrugata, isolated from various and distinct geographic regions and from diverse plant species, such as tomato affected by pith necrosis, symptomless lucerne and raspberry (nonhost plants) or from soil, were used in the screening for the AHL production. These strains were chosen across dendrograms resulting from the analysis of nutritional, fatty acid and DNA-fingerprinting profiles (Siverio et al., 1996; Catara et al., 1997 Catara et al., , 2002 Sutra et al., 1997) . These strains were also different regarding their serological reaction with different antisera (Siverio et al., 1993; Catara et al., 1997) . All the strains were found to produce AHLs when tested with a plate T-streak analysis with CV026 and JM109 (pJBA132), these sensors being sensitive to short-and medium-chain length AHLs. The sensor F117 (pRKC12), sensitive to C 12 and C 10 -3oxo-AHL, was not induced in such analysis. Out of the 30 strains, nine (see underlined strains in Table 1 ) were chosen for testing the specific AHL molecules produced. These nine strains represented the different geographic locations and host plant available. Ethyl acetate extracts of culture supernatants run on a TLC and overlaid with either CV026, JM109 (pSB401), or NTL4 (pZLR4) showed that all these strains produce the same AHL profile and mainly one signal molecule, tentatively identified as C 6 -AHL (Fig. 1) . Two additional spots could be seen when the TLC plate was overlaid with the NTL4 biosensor; the retention factor (Rf) of these spots potentially corresponded to that of C 8 -AHL and C 6 -3-oxo-AHL standards (data not shown). It was therefore concluded that Ps. corrugata produces AHLs and that this ability was very well conserved within the species as different strains produced the same types of molecules at comparable levels. The high levels of conservation of AHL production among several strains isolated from various parts of the world is striking. In several other members of the Pseudomonas genera this is not the case, indicating that AHL QS in Ps. corrugata could have evolved very early and be a central core system of gene regulation, as is the case for Ps. aeruginosa (Von Bodman et al., 2003; Juhas et al. 2005; Venturi, 2006) .
Identification and characterization of AHL QS in Ps. corrugata
In order to identify the gene(s) directing the synthesis and response to AHL QS signal molecules, the AHL QS locus of Ps. corrugata was identified by screening a genomic library of Ps. corrugata CFBP 5454 via complementation in trans of CV026 AHL biosensor (see 'Materials and methods'). CVO26 containing pLAFR3 clones from a cosmid gene bank of Ps. corrugata which turned violet were isolated and the cosmid inserts were found to contain the AHL QS system of Ps. corrugata designated as the PcoI/PcoR. DNA sequence analysis of this locus revealed the presence of three ORFs, two of them with homology to luxI and luxR genes (Fig. 2) . One ORF, designated pcoI, spans 773 bases and is predicted to encode a 257-amino acid protein that is homologous to members of the LuxI family. The PcoI putative protein has 83% identity (88% similarity) with an unpublished Ps. corrugata 2140R PcoI protein present in the data bank (AAG28558) and 29% identity (51% similarity) with R. sphaeroides ATCC 17025 autoinducer synthesis protein (ZP_00912448). Analysis of the pcoI promoter region revealed a 20-bp imperfect palindrome with high similarity to lux box-like elements that was centred 67 bp upstream from the putative translational start site (Fig. 2) . Multiple sequence alignment demonstrated that the putative lux box in pcoI was related to those in ahlI from Ps. syringae pv. syringae (Quinones et al., 2004) , psmI from Ps. syringae pv. maculicola (Elasri et al., 2001 ) and luxI from Vibrio fisheri (Devine et al., 1989) . These inverted repeats represent binding sites of LuxR homologs, thus the presence of this putative regulatory element suggests that pcoI is subject to activation by a regulator of the LuxR family. The second ORF, designated pcoR, was located upstream of the pcoI gene and is transcribed in the same direction (Fig. 2) . The pcoR gene spans 729 bases and encoded a predicted 242-amino acid protein.
Over the entire protein, PcoR has 34% sequence identity (52% similarity) with a transcriptional activator protein from Sodalis glossinidius strain 'morsitans' (YP_453965) and 33% identity (51% similarity) with the quorum-sensing transcriptional regulator from Er. carotovora ssp. atroseptica SCRI1043 (CAG74467). Analysis of the putative protein revealed that PcoR contains an autoinducer-binding domain near its amino terminus (amino acids 24-148) and a DNA-binding domain with a helix-turn-helix motif characteristic of the LuxR family near its carboxylterminus (amino acids 182-236). A further ORF, designated orf1, which potentially encoded a 203-amino-acid protein, was identified in the intergenic region between pcoI and pcoR; it is divergently oriented to pcoI and separated from it by 566 nucleotides (Fig. 2) . When translated, this ORF was 56% identical (75% similar) to the putative threonine efflux protein (amino acid transport and metabolism) of Ps. syringae pv. syringae B728a (AAY37643). Fig. 2. (a) Gene map of AHL quorum sensing system of Pseudomonas corrugata CFBP 5454. The pcoR and pcoI genes are shown, as is the position of the Tn5 insertion isolated and used to construct two pcoR and one pcoI genomic knock-out mutants. The position of the genes is indicated in the figure. Position of Tn5 is mapped from the ATG. In the intergenic region of QS gene there is the orf1, divergently oriented, which shows high homology with putative efflux protein of Ps. syringae pv. syringae B728a. Below, the putative 20-bp lux box sequence with dyad symmetry, as indicated by the convergent arrows, is located upstream of the putative transcription start site of pcoI. (b) Multiple sequence alignment of lux boxes identified in the pcoI gene from Ps. corrugata 2140R, the ahl gene from Ps. syringae pv. syringae, the psm gene from Ps. syringae pv. maculicola and the lux gene from V. fischeri. Identical nucleotides are highlighted in the dark and soft grey boxes. . TLC analysis of AHLs produced by Pseudomonas corrugata strains isolated from different sources. 1, CFBP 5454; 2, CFBP 10532; 3, CFBP 10950; 4, CFBP 10058; 5, 421; 6, 717; 7, par8. In (a) the Chromobacterium violaceum CV026 was overlaid on the TLC as AHL biosensor for the detection of the spot corresponding to violacein pigment production, whereas in (b) JM109 (pSB401) was used; a spot corresponds to the production of bioluminescence. In all experiments a volume corresponding to 1.4 Â 10 9 cells was loaded. Synthetic compounds were used as reference compounds.
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The pcoI and pcoR genes were insertionally inactivated independently, creating three genomic mutants of Ps. corrugata designated GL1, GL2 and GL3 (Table 2 ). The Ps. corrugata GL1 (pcoI::Tn5) mutant no longer produced homoserine lactones (Fig. 3) . Therefore it is postulated that a single quorum sensing system was present in the species Ps. corrugata with pcoI as the sole AHL-synthase. The Ps. corrugata GL2 and GL3 mutants (both pcoR:Tn5) synthesized remarkably less signal molecules produced by the wild-type strain (Fig. 2) . GL1 and GL2 mutants were complemented for AHL production when cosmid pLC3.34 was introduced by triparental conjugation (data not shown); complemented mutants were designated GL1C and GL2C.
Colony morphology, motility and phenotypic analysis of the QS mutants
Colonies of the parent strain and of the GL1 mutant on NDA showed the typical morphology of Ps. corrugata, namely a slightly raised, wrinkled surface and undulate margins (Scarlett et al., 1978) ; in contrast the GL2 mutant showed colonies with entire margins, smooth surfaces and which were butyrous.
Motility, essentially by swarming migration, is one of the possible phenotypes regulated by QS, and this is believed to allow the dissemination of bacterial cells when a population is getting too large to inhabit the same niche (Daniels et al., 2004) . The motility of the parent strain and of the mutants was tested in plates with different concentration of agar in order to investigate swimming and swarming motility. When point inoculated into 0.3% swim agar plates, the GL2 mutant moved slightly further than the GL1 mutant and the parent strain (Table 3 ). On 0.7% swarm agar plates, 17 h after inoculation, only the GL1 mutant began to swarm, whereas the parent strain began to swarm after 24 h and the distance from the point of inoculation was always slightly but significantly greater in the GL1 mutant (P o 0.01) ( Table 3 ). The wild-type strain showed a dendritic colony pattern after 30 h whereas the GL1 displayed a movement as an irregular blebbing from the margin of the colony. The GL2 mutant was unable to swarm over the medium surface. In contrast, it formed a regular colony at the inoculation point. On 0.5% swarm agar plates, bacterial cells swam and swarmed depending on the strain (data not shown). In particular the GL2 mutant cells remained mucous at the inoculation point, and after 24 h, from the edge of the colony, cells began to swim within the agar pores. In contrast, the parent strain and, to a lesser extent, the GL1 mutant swarmed across the agar plate surface (the wild type reached the margin of the 10 cm diameter plates after 5 days).
Phenotypic analysis showed that derivative mutants did not differ from parent strains in exoenzyme production; in particular they were all positive for caseinase, gelatinase and lecithinase production as well as lipase activity as assessed in plate assays, and negative for pectolytic activity on potato slices. Of the 95 Biolog substrates that gave identical results between duplicate analysis, 2,3 butanediol and glucosaminc acid were assimilated by the parent strain but not by the mutants.
PcoR is involved in Ps. corrugata virulence
To examine the importance of AHL QS in tomato pith necrosis, the parental strain and pcoI and pcoR knock-out mutant derivatives were inoculated into the stem of tomato plantlets in two different experiments. Direct inoculation into the stem is the most reproducible method to test pathogenicity of Ps. corrugata strains, although high variability has been reported even amongst plants inoculated with the same strain (Siverio et al., 1993; Sutra et al., 1997; Catara et al., 2002) . Using a high inoculum concentration of cells of Ps. corrugata CFBP 5454, the plants that were crosssectioned longitudinally, 1-week after inoculation, showed discoloration of the pith ranging from about 0.5 to 3 cm. The length of stem pith affected by discoloration of the plants inoculated with a pcoR mutant was significantly reduced (P o 0.01) compared to the length of the lesions caused by the parental strain, most of them being localised around the inoculation point (average length 0.4 cm) (Fig.  4) . No significant difference was observed in plantlets inoculated with the pcoI mutant although the mean length of the lesion was slightly higher than that caused by the parental strain. Moreover, the wild-type strain CFBP 5454 and the GL1 mutant caused a dark brown discoloration at times slightly necrotic and hollowed in the centre, whereas the lesions in plants inoculated with a GL2 mutant were P . c o r r u g a t a C F B P 5 4 5 4 Fig. 3 . TLC analysis of AHLs produced by parent strain Pseudomonas corrugata CFBP 5454, Escherichia coli harbouring QS genes within the pLC3.34 cosmid and Ps. corrugata GL1, GL2 and GL3 mutant derivatives. Strain Chromobacterium violaceum CV026 was overlaid on the TLC as AHL biosensor. A volume corresponding to 1.4 Â 10 9 cells was loaded.
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light brown and no necrosis was observed. The ability to cause necrosis in plant tissues was restored when the pcoR gene was provided in trans (Fig. 4) . In the second experiment, in order to evaluate if mutants have a differential ability in colonising the plant, the bacterial population concentration in stems at various time points after inoculation was evaluated. The bacterial population size of plants inoculated with 1 Â 10 5 CFU resulted in a population of c. 5 Â 10 4 CFU cm À1 per stem portions. (Fig. 5a) . A rapid increase was observed 1 day after inoculation and then the population became established at c. 4 Â 10 6 CFU cm À1 . The population size of the parent strain declined more rapidly than the mutants; starting from the fifth day of sampling this tendency became significant in respect to the pcoI and pcoR mutants. Fourteen days after inoculation the length of the pith affected by discoloration in plants inoculated with the pcoR mutant was also of reduced size in this case (Fig. 5b) . Based on these observations, pcoR appears to be required for the full expression of virulence determinants that are responsible for internal tissue necrosis. Surprisingly, lesions caused by the GL1 mutant upon visual assessment appeared, in both experiments, more extensively necrotic and degraded. The production of AHLs via PcoI seems not to affect pathogenicity and virulence. The Ps. corrugata pcoR mutant is unable to cause HR on tobacco
As is the case with many plant pathogenic bacteria, Ps. corrugata is able to elicit a plant defence response in nonhost plants, namely the production of the phytoalexin medicarpin in white clover callus and the HR in tobacco leaves (Gustine et al., 1990 (Gustine et al., , 1995 . The effect of the inactivation of QS genes on the ability to cause HR on tobacco was thus explored. The tobacco leaf mesophyll was infiltrated with bacterial suspensions (10 8 CFU mL À1 ) of the parental strain and pcoI, pcoR mutant derivatives, and respective complemented mutants. By 24 h after inoculation the leaf panels infiltrated with the parental strain and the pcoI mutant showed the collapse of the mesophyll, which turned necrotic within the following 24 h (Fig. 6a) . Leaf panels inoculated with the pcoR mutant, as well as the waterinoculated control, did not show any symptoms (Fig. 6a) .
Both complemented mutants, GL1C and GL2C, were able to induce HR. The HR phenotype was thus restored when the pcoR gene was provided in trans. Twenty-four hours after inoculation, bacterial population sizes of Ps. corrugata CFBP 5454, GL1, GL1C, and GL2C in tobacco leaf panels were significantly lower than that of the GL2 mutant (P o 0.01) (Fig. 6b) . Forty-four hours after inoculation no difference in population size was observed (data not shown).
AHL QS is involved in Ps. corrugata microbial antagonism
The mechanism by which Ps. corrugata inhibits the growth of numerous bacteria and fungi could be mainly attributed to the production of antimicrobial lipodepsipetides, and to the siderophore-mediated competition for iron (Emanuele et al., 1998; Meyer et al., 2002; Scaloni et al., 2004) . Pseudomonas corrugata CFBP 5454 displayed inhibitory activities against the microorganisms tested as measured by the inhibition zones both on PDA and PGNaClA, media reported as inducible for lipodepsipeptides production (Bultreys & Gheysen, 1999) . In Table 4 the sizes of inhibition zones on PDA are reported; similar results were obtained on PGNaClA although a slightly lower activity was detected (data not shown). Strong activities were observed against a yeast (R. pilimanae), a gram-positive bacteria (Bac. megaterium), the gram-negative bacteria Ps. syringae pv. tomato and filamentous fungi (Bot. cinerea, Pen. digitatum) and a feasible activity against Pec. carovorum ssp. carotovorum (Table 4 ). The pcoR mutant showed a slightly reduced activity against R. pilimanae, a species commonly used to detect lipodepsipeptide production and a significant reduced activity against Bot. cinerea, but no further differences were observed against the other microorganisms. Both corpeptins and cormycin A contributes to the antimicrobial activity of Ps. corrugata, but only cormycin A has been shown to have activity against R. pilimanae (Scaloni et al., 2004) . Moreover, cormycin A exhibited phytotoxic activity, as measured by chlorosis induction on tobacco leaves (Scaloni et al., 2004) . Since LPDs may contribute to pathogen virulence by inducing plant cell necrosis and disease lesion development, or by altering the flux of ions across plant cell membranes (Bender et al., 1999) , a variation in toxin production could be involved in the reduction of necrosis observed in plants inoculated with pcoR mutants. Significant differences (P o 0.01) were observed in the inhibitory activities of parent strain and mutant derivatives when tested on KB medium. Pseudomonas corrugata produces a siderophore called corrugatin (Risse et al., 1998; Meyer et al., 2002) , thus KB medium was used to screen for antimicrobial activity under iron-limited conditions. Pseudomonas corrugata CFBP 5454 displayed a strong inhibition against R. pilimanae, Bac. megaterium, Bot. cinerea, and Pen. digitatum presumably depleting the micro-environment surrounding those microorganism of available iron by sequestering ferric ions by means of siderophores. Slight and no activity was reported against Pec. carovorum ssp. carotovorum and Ps. syringae pv. tomato, respectively, presumably due to the competitiveness of siderophore produced by these bacterial species (Ishimaru & Loper, 1992; Bull et al., 1994; Bultreys et al., 2001) . Pseudomonas corrugata GL1 showed a twofold reduced activity in comparison to the parent strain whereas the pcoR mutant showed no antagonistic activity against all the tested strains, except for a 2 mm inhibition zones observed against B. megaterium. These results strongly suggest that the AHL QS is involved in the regulation of production of the siderophore corrugatin in Ps. corrugata.
Conclusions
Pseudomonas corrugata strains from various geographical origins and also from different plant origin produce the same AHLs. As demonstrated using TLC analysis, they were tentatively assigned as C 6 -AHL, C 6 -3-oxo-AHL and C 8 -AHL, with C 6 -AHL apparently being the most abundantly produced. Despite their heterogeneous phenotypic and genotypic characteristics, the screening of a wide range of strains suggests the quorum sensing system is conserved in this bacterial species. Interestingly, also the ability to incite pith necrosis when inoculated in tomato is conserved among these strains (Catara et al., 1997 (Catara et al., , 2002 Catara V., unpublished results) . In this study the genetic determinants coding for the quorum sensing system in Ps. corrugata strain CFBP 5454 designated PcoI/R were also identified and characterized. pcoI and pcoR genes were transcribed in the same direction and separated by an ORF codifying for a putative efflux protein. The PcoI putative protein showed the highest similarity to the autoinducer synthase of a strain of Ps. corrugata (2140R) and then to strains of species in the a-subdivision of Proteobacteria, whereas PcoR showed more similarity to the transcriptional activators of GammaProteobacteria. Interestingly, the failure to produce AHLs through inactivation of pcoI did not seem to affect pathogenicity in the main host-plant, tomato, and HR in nonhost plant. Inactivating pcoR, however, resulted in reduced tomato pith necrosis symptoms, although the population sizes remained similar to that of the wild-type strain. The reason for this different phenotypic behaviour between pcoR and pcoI mutants is currently unknown. It cannot be excluded that PcoR could be involved in the negative regulation of genetic loci of which the expression is only severely affected when cells lack PcoR regardless of the AHL levels. Another possible reason could be linked to recent reports that plants contain AHL mimic compounds (Teplitski et al., 2000; Bauer & Mathesius, 2004; Shiner et al., 2005) . It is possible therefore that in tomato plants the pcoI mutant of Ps. corrugata could be in part complemented by the exogenous presence of agonist AHL-mimic compounds. It is also important to mention that AHL QS is often integrated in other global regulatory networks, thus the phenotypic behavior of knock-out mutants could be in part compensated for, or influenced, by other systems (Juhas et al., 2005; Venturi, 2006) . Bacterial multiplication was not affected, thus the reduction in virulence was probably due to differential expression of virulence-associated factors. Moreover, the pcoR mutant did not elicit HR on tobacco, a nonhost plant. Swarming motility appeared to be enhanced in the pcoI mutant and reduced in the pcoR mutant. AHL QS in Ps. corrugata was also involved in the regulation of growthantagonisms of other microrganisms. This could be related to the regulation of the siderophore corrugatine, since either a reduced or no antagonistic activity was observed for the GL1 and GL2 mutants, respectively, when assayed on King's B medium (King et al., 1954) . On the other hand, antimicrobial activity on potato dextrose agar was relatively unaffected except for the pcoR mutant, which displayed a slightly reduced activity against R. pilimanae. Rhodotorula. pilimanae is particularly sensible to lipodepsipeptides and it has been shown to be sensible to cormycin produced by Ps. corrugata (Scaloni et al., 2004) , thus a role of QS in the toxin synthesis cannot be ruled out. Little or no information on molecular mechanism involved in the regulation of pathogenicity traits or in the biological control activity of Ps. corrugata are currently available. Therefore results in this study provide new, interesting insights in the behaviour of this intriguing bacterium that, although ubiquitous, only in certain condition appears to be pathogenic and that has an interesting but not fully exploited potential as a biocontrol agent. Future work will involve the identification of the target gene(s) regulated by AHL QS in Ps. corrugata.
